Abstract. The SH2 domain-containing inositol 5'-phosphatase 1 (SHIP1) has been implicated as a suppressor of hematopoietic transformation as its activity can inhibit the PI3K/Akt signaling pathway. Reduced activity of SHIP1 has been observed in acute myeloid leukemia (AML). SHIP1 is a target of . Therefore, the aim of the present study was to investigate the role of miR-155/SHIP1 in the pathogenesis of AML. We examined the levels of SHIP1 protein and miR-155 in tissue samples of patients with AML and in AML cell lines. In addition, we investigated cell proliferation, apoptosis and expression of SHIP1/PI3K/AKT pathway molecules in the THP-1 and U937 cell lines after miR-155 inhibitor or mimics were transfected. We showed that the levels of SHIP1 protein were significantly decreased in tissue samples of patients with some subtypes of AML (M4 or M5) and in AML cell lines with concomitant overexpression of miR-155. In addition, we demonstrated that decreased expression of SHIP1 in the AML cell lines was a consequence of increased levels of miR-155 and can therefore be reversed in vitro through inhibition of miR-155, with subsequent inhibition of cell proliferation and promotion of cell apoptosis. In conclusion, expression of the SHIP1 protein is targeted by miR-155 in AML. miR-155 acts as an onco-miR, and the miR-155/SHIP1/PI3K/AKT signaling pathway could play an important role in the pathogenesis of AML.
Introduction
SH2 domain-containing inositol 5'-phosphatase 1 (SHIP1) is a member of the phosphatidylinositol phosphatase (PIPase) class that is important in the negative regulation of proliferation and survival of hematopoietic cells through its negative regulation of the PI3K/AKT signaling pathway (1, 2) . Recent studies have shown that inactivation of SHIP1 could play a central role in certain hematologic malignancies (1) (2) (3) (4) (5) (6) . Inactivation of point mutations of the SHIP1 gene and reduction in SHIP1 activity have been observed in patients with acute myeloid leukemia (AML), implicating a possible tumor-suppressor function of SHIP1 in the pathogenesis of AML (6) . However, it appears that SHIP1 gene mutations are an uncommon cause of reduction in SHIP1 activity in AML (7) . Several other possible explanations that could account for the loss of SHIP1 function include epigenetic modification, decreased transcription, translational repression, and increased protein breakdown. miR-155 has been shown to bind to the 3'UTR of SHIP1 mRNA and inhibit its translation (8) (9) (10) (11) . It was demonstrated that SHIP1 is a primary target of miR-155 in B cells, with high levels of miR-155 and reduced expression of SHIP1 linked to the development of acute lymphoblastic leukemia in mice (3, 12) . Levels of miR-155 were also found to be significantly increased in human patients with diffuse large B cell lymphoma or NK/T cell leukemia with decreased SHIP1 expression (13, 14) . Further investigation is needed to evaluate the role of miR155 and SHIP1 in the pathogenesis of AML.
In the present study, we examined the levels of SHIP1 protein and miR-155 in samples of patients with AML and in AML cell lines. In addition, we investigated cell proliferation, apoptosis and expression of SHIP1/PI3K/AKT pathway molecules in the THP-1 and U937 cell lines after miR-155 inhibitor or mimics were transfected.
Materials and methods
Bone marrow or blood samples. Bone marrow or blood samples were collected from 30 patients with AML after obtaining informed consent according to our hospital guidelines. The pathological diagnosis of AML was established according to the French-American-British (FAB) classification criteria as M1 (n=4), M2 (n=8), M3 (n=2), M4 (n=6), M5 (n=9), or M6 (n=1). Bone marrow mononuclear cells (BMMNCs) or peripheral blood mononuclear cells (PBMNCs) of the patients were separated by density gradient centrifugation and cryopreserved until further analysis could be performed. BMMNCs from 10 unrelated healthy volunteers were also examined for miR-155 and SHIP1 by quantitative reverse-transcription polymerase chain reaction (qRT-PCR).
Cell lines. The leukemia cell lines K562, THP-1 and U937 were purchased from the Blood Institute of Tianjin, China. Cells were cultured using RPMI-1640 medium containing 10% fetal bovine serum (FBS), 2 mM glutamine, and streptomycin in a humidified incubator at 37˚C in 5% CO 2 . Cells were used for experimentation at a density of 10 6 -10 7 /l.
Cell transfections. U937 and THP-1 cells were transfected using X-tremeGENE siRNA transfection reagent (Roche, CH) according to the manufacturer's protocol. Briefly, cells were cultured in 6-well plates. Transfection reagent 1 was prepared by mixing 90 µl of Opti-MEM medium and 10 µl of X-tremeGENE siRNA transfection reagent. Additionally, reagent 2 containing siRNA (2 µg of inhibitor) and 100 µl of Opti-MEN medium was prepared. Reagent 2 was mixed with reagent 1 and incubated for 30 min. This mixture was then carefully added to the plated cells to obtain a final concentration of miR-155 mimics or miR-155 siRNA of 50 nmol/l. Cells were cultured for 48 h and then collected for analysis of gene expression and subsequent experiments. Cells used for the blank and negative control groups were treated with only serum-free RPMI-1640 medium or with control reagent (at a final concentration of 50 nmol/l), respectively.
Measurement of apoptosis. Cellular apoptosis was measured by flow cytometry, according to the following protocol, 48 h after transfection. Briefly, ~5-10x10 4 resuspended cells were collected by centrifugation at 500 x g for 5 min and resuspended again in 195 µl of Annexin V-FITC. A total of 5 µl of Annexin V-FITC solution was added to the cells, mixed gently, and incubated in the dark at room temperature. Cells were collected again by centrifugation and resuspended in 190 µl of Annexin V-FITC. A total of 10 µl of propidium iodide staining solution was added and mixed, and apoptosis measurement was performed by flow cytometry. Data were analyzed using FACS Diva software (BD Biosciences, San Jose, CA, USA).
Measurement of cell proliferation. Cells were collected 48 h after transfection by centrifugation at 500 x g for 5 min, resuspended, and added to 96-well plates (100 µl/well, approximately 10 4 cells/well). This time point was defined as zero (0). Then, 10 µl of CCK-8 was added to the wells separately at 24, 48 and 72 h, and the absorbance was measured at 450 nm.
RNA isolation and PCR. Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. The quality of total RNA was assessed using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Measurement of miR-155 gene expression. Total RNA (2 µg) was reversed-transcribed using an All-in-One miRNA qRT-PCR detection system (Invitrogen) according to the manufacturer's protocol. All-in-One miRNA qRT-PCR detection system kits were used to measure gene expression using specific sets of primers (Table I) according to the protocol (Invitrogen). All reactions were performed with the ABI Prism 7000 sequence detection system instrument (Applied Biosystems). Gene expression was normalized to the U6 gene, and the data were analyzed using the comparative 2 -ΔΔCt method.
Measurement of SHIP-1 gene expression. Total RNA (2 µg) was analyzed for gene expression using One-Step qRT-PCR kits according to the manufacturer's protocol. Briefly, 25 µl of 2X Quant One-Step SYBR qRT-PCR Master Mix, 2.5 µl of 2.5 U/µl Hot Master Taq polymerase, 0.4 µl of Quant Rtase, 2 µl of the forward primer (10 pM), 2 µl of the reverse primer (10 pM) (both by Invitrogen), and 2 µg of total RNA were mixed and double-distilled water was added to reach a final volume of 50 µl. The primer sequences of the SHIP1 gene are listed in Table II . All reactions were performed in the ABI Prism 7000 sequence detection system. Gene expression was normalized to the GAPDH gene, and the data were analyzed using the comparative 2 -ΔΔCt method.
Western blotting. Cells were digested and proteins were extracted in RIPA lysis buffer. The concentration of proteins was measured by the Bradford method according to the standard protocol. A total of 20 µg of total protein extract was electrophoresed on polyacrylamide/sodium dodecyl sulfate (SDS) gels and transferred by electroblotting onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked for 1 h in 5% (w/v) nonfat milk before incubation with appropriate dilutions of the primary antibodies against SHIP-1, AKT, p-AKT and actin (all at 1:1,000; from Cell Signaling Technology, Boston, MA, USA) at 4˚C overnight. The membranes were then incubated with the corresponding secondary antibodies (1:10,000; Zymed). The blots were developed using the enhanced chemiluminescence (ECL) system (Immobilon Western; Millipore, Billerica, MA, USA) and were analyzed using Quantity One Software (Bio-Rad Primers Sequence
F, forward; R, reverse.
Laboratories Inc., Hercules, CA, USA). Protein contents were normalized to the actin level.
Data analyses. Data are expressed as the means ± SD. Statistical analyses of experimental groups were performed by Student's t-test or one-way analysis of variance (ANOVA). The level of statistical significance was set at P<0.05. Analyses were performed using SPSS 13.0 for Windows software (SPSS, Chicago, IL, USA).
Results

Expression of miR-155 and SHIP1 in patients with AML.
The SHIP1 protein content was significantly lower in the tissue samples from AML patients when compared with that in the controls (P<0.05). No differences were found in the expression of SHIP1 at the mRNA level among the 30 patients with different subtypes of AML according to the FAB classification (P>0.05, Fig. 1A) . However, the levels of SHIP1 protein varied greatly. A much lower expression than the average level of SHIP1 protein was detected in 15 patients classified as FAB-AML-M4 or FAB-AML-M5 compared with the other subtypes of AML (P<0.05, Fig. 1B and C) . The average level of miR-155 was significantly higher in the 30 AML patients compared with the average level in the healthy controls (P<0.05). Additionally, the levels of miR-155 were significantly higher in patients with AML subtype M4 or M5 compared with the other AML subtypes (P<0.05, Fig. 1D ).
Expression of miR-155 and SHIP1 in AML cell lines.
Real-time PCR demonstrated that both miR-155 and SHIP1 were expressed in the THP-1, K562, and U937 cell lines. Downregulation of SHIP1 expression in the K562 cells, which are known to be Philadelphia chromosome-positive, could be the result of overexpression of BCR/ABL. Thus, the U937 and THP-1 cell lines were chosen for further study. Specifically, THP-1 cells expressed a higher miR-155 level but a lower SHIP1 level between the two cell lines studied ( Fig. 2A) . In contrast, U937 cells had a higher SHIP1 level but a lower miR-155 expression (Fig. 2B) .
Expression of SHIP1, AKT and pAKT after miR-155 transfection.
Since SHIP1 is a negative regulator of the PI3K/AKT signaling pathway, we hypothesized that increased activation of PI3K/AKT signaling in AML samples with low SHIP1 expression may be observed after miR-155 transfection. Because the levels of miR-155 expression were lower in the U937 cells than that in the THP-1 cells, we chose to transfect miR-155 mimics into the U937 cells (Fig. 3A) . Transfection of miRNA-155 mimics in the U937 cells did not alter the expression of SHIP1 at the mRNA level compared with the expression in the blank control and negative transfection groups (P>0.05, Fig. 3B ). However, U937 cells transfected with the miRNA-155 mimics had significantly reduced expression of SHIP1 at the protein level (P<0.05, Fig. 3C and D) , associated with unchanged AKT content but increased p-AKT protein levels (P<0.05, Fig. 3C and E) . Consequently, inhibition of SHIP1 expression by miR-155 would likely increase the activity of the AKT pathway. Therefore, miR-155 appears to behave as an onco-miR by reducing SHIP1 expression. 
Expression of SHIP1, AKT, and pAKT after transfection of the miR-155 inhibitor.
We then used miR-155 siRNA to examine the effects of restoring SHIP1 protein levels by reducing miR-155 expression in the THP-1 cells (Fig. 4A) , which are known to overexpress miR-155. When THP-1 cells were transfected with the miR-155 siRNA, significantly elevated levels of SHIP1 protein were found, although no alterations in SHIP1 gene expression at the mRNA level could be detected compared with the expression levels in the blank and negative controls (Fig. 4B) . THP-1 cells transfected with miR-155 siRNA also exhibited no alteration in total AKT content, but increased SHIP1 protein and decreased p-AKT levels were found (P<0.05 and P<0.05 respectively; Fig. 4C-E ). It appears that suppression of miR-155 expression leads to inactivation of pAKT without altering total AKT via restoration of SHIP1 protein. Therefore, SHIP1 negatively regulates signaling in the PI3K/AKT pathway. SHIP1 could be a tumor suppressor.
Proliferation and apoptosis in the cell lines after transfection.
To investigate the role of the miR-155/SHIP1/PI3K/AKT pathway in leukemogenesis, we performed proliferation and apoptosis assays in cell lines. First, we analyzed the effect on the autonomous proliferation of cells after transfection. Compared with the cells transfected with the mimic control (U937mc), the proliferation rate of the cells transfected with the miR-155 mimics (U937m) appeared higher but did not reach a statistically significant difference at any time point (U937m vs. U937mc; all P>0.05; Fig. 5A ). However, the U937m cells had a significantly lower apoptosis rate when compared with that of the U937mc cells (U937m vs. U937mc; P<0.05; Fig. 6A ), indicating that miR-155 might cause AML progression by reducing cell apoptosis rather than increasing cell proliferation.
Similar results were also noted in the proliferation rate of THP-1 cells transfected with the miR-155 siRNA (THP-1I) and transfected with the inhibitor control (THP-1Ic), which indicated that miR-155 inhibition could not affect the proliferation rate of THP-1 at any time point (THP-1I vs. THP-1Ic; P>0.05; Fig. 5B) . A significantly increased rate of apoptosis was observed in the THP-1I cells compared with that of the THP-1Ic cells (THP-1I vs. THP-1Ic; P<0.05; Fig. 6B ), indicating miR-155 inhibition may cause an increased apoptosis rate in AML without interfering with proliferation.
Discussion
Considering that SHIP1 is a negative regulator of the PI3K/AKT signaling pathway, inactivation of SHIP1 may result in Akt activation (1,2,15 ). SHIP1-deficient mice develop myeloproliferative disease and leukemia (11, 16) . Inactivating point mutations of SHIP1 have been observed in AML. It appears that SHIP1 mutations are an uncommon cause of the reduction in SHIP1 activity (7) . In our study, low SHIP1 protein expression levels that did not completely correspond to SHIP1 mRNA levels were detected in a subset of patients with AML. We then tried to identify the molecular basis for the loss of SHIP1 function at the protein level.
microRNAs are a newly discovered class of short, noncoding RNA species, which may serve as master switches in gene networks (8, (17) (18) (19) (20) . miR-155 was shown to bind to the 3'UTR of SHIP1 mRNA and, therefore, to inhibit its translation (9) (10) (11) 16, 20, 21) . SHIP1 is expressed in the same cell types that express miR-155, and it plays an opposing role in many cases. Some studies demonstrated a strong correlation between myeloproliferative disorders (MPDs) caused by miR-155 expression and specific knockdown of SHIP1 (11, 16) . Recent studies showed that SHIP1 is a primary target of miR-155. Therefore, miR-155-mediated suppression of SHIP1 expression may contribute to the development of human MPDs and myeloid leukemia, in which miR-155 has been shown to be overexpressed (8, 16, 19, 20, 22, 23) . Moreover, it was recently reported that the endogenous expression of SHIP1 is reduced in hematopoietic cells overexpressing miR-155 in vitro and in vivo, which leads to increased activation of AKT (3). Our present findings are consistent with these reports.
We overexpressed miR-155 in U937 cells and found that the levels of SHIP1 protein were largely reduced in these cells. Furthermore, in THP-1 cells, we inhibited miR-155 expression using siRNA targeting miR-155 and found that the level of SHIP1 protein was increased. Following recent studies showing that SHIP1 plays an important role in the pathogenesis of lymphoma and acute lymphoblastic leukemia that is affected by miR-155 (3,14) , we investigated the existence of an association between SHIP1 and miR-155 in AML. Our results demonstrated that SHIP1 is also a direct target of miR-155 in AML cells. We hypothesized that inhibition of the translation of SHIP1 mRNA by miR-155 could be an important mechanism for the loss of function of SHIP1.
To evaluate the importance of SHIP1/miR-155 in AML, we initially examined the levels of expression of SHIP1 and miR-155 in myeloid leukemia cells. We hypothesized that reduced expression of SHIP1 in leukemia cells could be a result of an elevated miR-155 expression as in other hematological malignancies (2,3,13,14,24) . In fact, the levels of SHIP1 protein were lower in THP-1 and U937 cells than in control cells. In contrast, miR-155 levels were relatively higher. These results indicate that the expression of miR-155 is negatively associated with the expression of SHIP1 in AML cell lines. To test whether this observation could be found in patients with AML, we examined the expression of SHIP1 and miR-155 in 30 AML patients. We found elevated levels of miR-155 in patients with acute myelomonocytic leukemia and acute monocytic leukemia, corresponding to the FAB-AML-M4 and FAB-AML-M5 classifications, respectively, as well as decreased expression of SHIP1 protein. These results indicate that miR-155 expression is inversely correlated with SHIP1 expression in myeloid leukemia cell lines and in M4 and M5 patients, suggesting that an interaction of SHIP1 and miR-155 may be biologically significant in these two subtypes of AML. In addition, SHIP1 expression is downregulated in AML, whereas miR-155 is commonly overexpressed in subsets of AML patients and acts as an onco-miR. It is likely that the downregulation of SHIP1 expression by miR-155 is a plausible mechanism of miR-155-mediated oncogenesis in AML M4 or M5. This study found an association between the level of miR-155 and a specific leukemic phenotype, similar to the finding that miR-181 expression is positively correlated with M1 and M2 subtypes of AML (25) , suggesting a possible role in the developmental lineage and differentiation state of the tumors (12, (20) (21) (22) (23) 26, 27) .
Given that miR-155 is overexpressed in AML and that it may act as an onco-miR, we decided to examine whether miR-155 has oncogenic functions in AML cells in vitro. Our results indicated that miR-155 may cause AML by reducing cell apoptosis rather than increasing cell proliferation. The results of our in vitro assays indicated that miR-155 mimics inhibited the apoptosis of U937 cells. Conversely, transfection of anti-miR-155 in THP-1 cells increased apoptosis. Western blot analyses confirmed that the expression of SHIP1 in these cells was modulated by miR-155. Taken together, our results showed that miR-155 acts as an onco-miR in AML cells by downregulating SHIP1 expression. In addition, SHIP1 was also shown to be a tumor suppressor that regulates cell apoptosis in AML.
SHIP1 has been known to be a negative feedback regulator of PI3K/Akt signaling, and the antitumoral activity of SHIP1 is mediated by inhibition of Akt signaling via the PI3K pathway (1, 2, 4, 5, 15, (28) (29) (30) . Akt activation may affect many cellular processes, including cell cycle progression, transcription, translation, differentiation, and apoptosis. Given that SHIP1 expression is inhibited by miR-155, we hypothesized that miR-155 overexpression in AML may play a role in Akt signaling. In U937 cells with overexpressed miR-155, Akt was found to be activated. Conversely, we found that antimiR-155 reduced p-Akt in THP-1 cells. Meanwhile, the levels of Akt protein were not affected by miR-155 overexpression or anti-miR-155. These results demonstrated that overexpression of miR-155 enhanced oncogenic Akt signaling via the SHIP1/PI3K pathway in AML cells. Given that the expression of miR-155 was significantly enhanced and that Akt signaling was active in the AML cell lines and a subset of patients with AML, we propose that the miR-155/SHIP1/PI3K/Akt pathway may play an important role in the pathogenesis of AML.
In summary, we hypothesized that inhibition of the expression of SHIP1 could be a mechanism by which miR-155 acts as an onco-miR in leukemia. Overexpression of miR-155 alters AKT signaling by inhibiting SHIP1 expression. The severe adverse effects and limitations of conventional chemotherapy and hematopoietic stem cell transplantation underscore the urgent need for new treatment strategies for patients with AML. Our findings provide new insight into the pathogenesis of leukemia and suggest that restoration of SHIP1 expression as a tumor suppressor by inhibiting miR-155 may represent a useful approach for the treatment of certain subtypes of AML.
